In Greece, up until now, monoculture has been the prevailing fish and shellfish farming system. However, in the last few years, the farmers seek to develop alternative production patterns that could improve the economic performance of their farms through the optimal utilisation of the available resources. The concept of integrated aquaculture is old; however during the last 30 years many authors have suggested various production systems, in which different species are cultured together, in order to reduce the environmental impacts of aquaculture and/or to reduce the feeding cost. In particular, people have attempted to integrate mussel and micro-or macro-algae culture into open-sea or land-based fish farming. When certain criteria are met, such integrated systems could improve the sustainability of the farms, mainly through the reduction of the waste treatment cost and the use of the mussels or the algae in the diet of the farmed fish.
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Introduction
Aquaculture is a very old activity. According to the few early reports, the first forms of aquaculture appeared around 2000 BC in China and around 500 BC the first book on aquaculture methods, with the title 'The Classic of Fish Culture' was written by Fan Lai (Rabanal, 1988) . Since then, many forms of aquaculture have been developed worldwide. In the Mediterranean area the intensive marine fish aquaculture, is a relatively new activity. The first attempts to intensively culture sea bream (Sparus aurata) and sea bass (Dicentrarchus labrax), the two most commercially important marine fish species in the area, started around the end of 1960's and at the end of the next decade these aquaculture farming systems were developed.
According to the Glossary of Food and Agriculture Organization of the United Nations (FAO) (Crespi and Coche, 2008) integration is "the process of bringing together separate components as a functional whole that involves coordination of interventions". and integrated farming "occurs when an output from one subsystem in an integrated farming system, which otherwise may have been wasted, becomes an input to another subsystem resulting in a greater efficiency of output of desired products". The concept of raising together different animal species, or even animals and crops, with the purpose of utilising the by-products, or even the wastes, from the one activity to sustain the other activity is very old. For many centuries in China people reared together carp species of different feeding habits in ponds, in order to optimise the use of the available resources (Rabanal, 1988) . These mixed farming systems were an early form of integrated systems where all the species involved (animal and/or plant) develop symbiotic relationships and the prosperity of one depends on the prosperity of the other. A good example of such integrated production systems is the rice-fish farming that has been taking place in many places in Asia for over 1,700 years (Halwart and Gupta, 2004) . It is believed that in this case, the integration started when farmers released the excess fry into the rice fields in order to gain additional profit, as well as a means to control pests.
Someone might argue that in the intensive aquaculture systems that are applied today, such integrated farming methods are of little, if any, use. However, this is far from the truth. About 30 years ago, some authors suggested the co-culture of the so-called extractive species, namely algae and shellfish with fish, as a solution to minimise the impact of the fish farming wastes on the environment (Casalduero, 2000) . Since then many integrated aquaculture systems have been developed.
Up until now, Greece, although a major marine fish producer in the Mediterranean area, has not made any progress in the direction of integrated aquaculture. It is believed that recent findings, concerning the potential implementation of integrated culture systems, combined with the necessity utilise rationally and efficiently the available resources will impose the development of novel farming methods. In the present review, an overview of the Greek aquaculture sector and the priorities which affect its sustainability will be discussed. Selected examples, in which fish and mussels are farmed in integrated systems in other countries, but in similar to Greece conditions, will be presented as examples of how such systems could be implemented in Greece. Finally, bio-economic models that have been suggested to assess the sustainability of integrated systems will also be presented.
Aquaculture sector in Greece

Fish production
In the last 30 years, Greece, due to its strategic location and geographical characteristics (particularly the extended sheltered coastline) has become one of the leading marine fish and shellfish producers in Europe and particularly in the Mediterranean basin.
Greece is the top producer of sea beam (Sparus aurata) and sea bass (Dicentrarchus labrax) in Europe. According to Food and Agriculture Organisation (FAO) and Federation of European Aquaculture Producers (FEAP) Greece produces approximately 130,000 tons of these species, which corresponds to 55% and 40% of the global sea bream and sea bass production, respectively (FEAP, 2013; FAO, 2013) . Greece is also producing more than 15 other fish species, both marine and fresh water. Some of these species are: rainbow trout (Oncorhynchus mykiss), sharpsnout sea bream (Putazzo puntazzo), common pandora (Paguellus erythrinus), red porgy (Pagrus pagrus), white sea bream (Diplodus sargus), flathead grey mullet (Mugil cephalus) and brown meager (Sciaena umbra). The production of fresh water fish species is quite low. The production of trout, for example, which is the main fresh water species produced in Greece, is less than 3,000 tons (FEAP, 2013) . Fish aquaculture constitutes a major exporting activity for the Greek economy; approximately 80 % of the marine fish production is exported to other EU countries, mainly Italy, France and Spain (Barazi-Yeroulanos, 2010; FAO, 2013) .
The farming of the marine fish species, such as sea bream and sea bass, takes place in land-based facilities (hatcheries and pre-growing units) and at open-sea sites (ongrowing stage) in cages, while the production of fresh water species takes place only in land-based facilities. There are about 370 marine fish farming sites (hatcheries and ongrowing units), throughout Greece and less than 100 fresh water fish farms, located mainly in Northern Greece (FAO, 2013) . Most marine fish farms produce 250-500 tons annually (market size fish), while four major companies produce more than 5,000 tons annually (this is more than 50% of the total national production) (University of Stirling, 2004; Barazi-Yeroulanos, 2010) , indicating that the high concentration of production by large sized farms is a salient structural characteristic of the sector. It should be noted that Greece is also a main sea bass and sea bream fingerling exporter, supplying fish to other countries, mainly Italy and Spain.
In 2001 and 2002, a major crisis broke out in the marine aquaculture sector, which was caused by the imbalance between production and market demand (University of Stirling, 2004) . Inefficient management strategies and inadequate promotion led to over-production, especially of sea bream. This crisis continued in the following years and the market conditions improved only after 2007. A result of the crisis was a significant reduction in the number of hatcheries in Greece (from 36 in 2004 the hatcheries reduced to 22 in 2009), followed by a substantial reduction in the production (Barazi-Yeroulanos, 2010). Of course, the present financial crisis also affected severely the industry.
An important issue related to Greek marine fish aquaculture industry that should be stressed is its conflict with local societies due to its environmental impact. Indeed, the European Environmental Agency lists this activity among the main potential causes for serious environmental degradation if conducted uncontrolled (Soto, 2009 ). In addition, public concerns over the use of various chemotherapeutants and the differences in the organoleptic characteristics between the farmed and the wild fish created a negative image for the aquaculture industry (Barazi-Yeroulanos, 2010) . However, the situation is rapidly improving and the consumption of cultured fish and particularly that of sea bream has been increased during the last ten years (Barazi-Yeroulanos, 2010) . It should be noted that the use of quality management systems, like ISO 9001, by many fish-producing companies and the establishment of a national certification scheme, AGROCERT, have increased the consumers' confidence regarding the quality of the farmed fish in Greece.
In terms of production cost, the main factor that affects production at the first stages of marine aquaculture (hatcheries and pre-growing unit) is labour cost (constituting about 35% of the total production cost), while at the ongrowing stage is feeding cost (constituting over 40% of the total production cost) (Moretti et al., 2005) . It is should be noted that the main ingredient that greatly affects the feeding cost is the use of high quality fishmeal, which is the main protein source. Thus, in the last 15 years a lot of research has been conducted in order to examine new, low-cost, raw materials that could replace fishmeal, such as soybean meal. However, there is still a lot of space for improvement in this area and integrated farming systems could provide some promising alternatives, as it will be discussed below.
In 2007 the European Technology Platform for Aquaculture (EATIP) was established, following a call by the European Council. The aim of this Platform, which is formed by many key stakeholders from various areas of the European aquaculture industry, is to identify the priorities of the sector and to predict its future. Thus, according to its last report, published in 2012 (EATIP, 2012) , by the year 2030, the production of the aquaculture sector in Europe is estimated to increase annually by 3.1%. This prediction was based on the following criteria:
a The existing farmed fish species that currently prevail will still dominate, although the exploitation of new species, such as brown meager, sole (Solea solea) and turbot (Psetta maxima), will significantly contribute in future activities.
b New husbandry methods will successfully tackle issues related to disease control and product quality.
c New policies that would support environmentally sustainable activities will be developed.
d New improved feeds will be developed. Thus, the feed efficiency will be improved and feed cost will be reduced.
e The implementation of efficient integrated farming systems are expected to play an important role in the development of the sector.
According to the same report, in the Mediterranean area in particular, the average annual growth rate of production is expected to be over 4%.
Shellfish production
Shellfish farming in Greece is the second in importance aquaculture sector, constituting approximately about 20% of the total national aquaculture production, after the sea bream and sea bass farming, which constitutes about 75-80% of the total national aquaculture production (Barazi-Yeroulanos, 2010; European Union, 2012) . The Mediterranean mussel (Mytilus galloprovincialis) is the main shellfish species that is extensively cultured in Greece, with an annual production of over 35,000 tons (Theodorou et al., 2010) . The sector consists of 500 farms, most of them located at the Thermaikos gulf, in Northern Greece. There are two methods of production, the long-line (most common method) and the on-table method. Over 80 % of mussel production is exported to other countries, mainly Italy and France. Mussel farming, in Greece and in the Mediterranean area, in general, is a relatively simple and low-cost activity, utilising the natural spawning that occurs in the environment. The mussels grow attached on ropes. Since the mussels uptake their nutrients through the active filtration of the water no cost for feeds is required, as it is in the case of fish farming. The mussel culture has little or no negative impact on the environment; on the contrary through the filtration process farms act as natural biofilters. Mussel farms can become a serious environmental threat, only when the mussel shells are not utilised by related industries and they are disposed at the immediate environment. However, the industry faces many problems, mostly related to poor marketing strategies, the absence of an effective legislation framework mainly related with the re-organisation of the culture sites) and various unpredictable environmental parameters, such as harmful algal blooms (Theodorou et al., 2010) . In comparison to fish culture, mussel culture is affected by fewer pathogens, mainly parasites, which can cause significant production losses. Moreover, increased losses occur due to predation by crabs, or wild fish. Concerning the composition of the production cost, Theodorou et al. (2010) concluded that the share of the expenses of fixed capital in total production cost is the highest, followed by labour cost. Although high fluctuations in market prices may occur, mostly due to changes in the market demand rather due to production cost, in most cases the profit margin is barely 20 % of the market prices (Danioux et al., 2000) .
The mussels are sold either with their shells (live), or without their shells, in water. Very often however, large quantities of mussels may remain unsold for long periods of time, due to algal blooms, or really low market prices. The consumption of shellfish in Greece is still relatively low (Batzios et al., 2003) and the development of new forms of products will render an interesting perspective for the sector as a whole.
Integrated marine fish farming
Global experience
In the literature, although there are several cases worldwide that demonstrate how integrated farming systems can increase the efficient use of natural resources and hence their productivity and competitiveness (Soto, 2009) , in the Mediterranean area there are few examples of the application of such systems in coastal areas. On the one hand, this may reflect the reluctance of the farmers to move from the traditional mono-culture methods to more complex integrated aquaculture. On the other hand, there is limited experience on the actual benefits that derive from the implementation of such systems, as most trials are pilot (Troell, 2008) . The legislation regarding the protection of the environment has become stricter, and, thus, the fish producers may be forced to adopt novel approaches in order to reduce the impacts of marine aquaculture on the coastal environments. In the present review only selected studies, with a potential use in Greece, will be presented.
As discussed above, there are two issues of particular significance for marine finfish aquaculture: a the reduction of the production cost, mainly through the use of low-cost commercial diets b the reduction of the environmental impacts that often lead to conflicts with local societies.
Several studies aimed to address these issues through the use of integrated aquaculture. Troell et al. (2003) estimated that about 180,000 Mt of uneaten feeds used in aquaculture are excreted in the sea in the form of ammonia-N. Their findings also indicated that, theoretically, most of this could be used by shellfish and seaweed in integrated systems. One representative study of how an integrated system can be designed to reduce the discharge of wastes from an open-sea fish farm into the environment is that by Bodvin et al. (1996) . In that study, the water from fish cages, which was heavily loaded with organic materials, such as faeces and uneaten feeds, supplied floating units of mussels. The bivalves utilised the big particles in the water through their filtration activity. Finally, the water from the mussel units supported the growth of seaweeds (macroalgae), which act as natural bio-filters to clean the water that was released into the environment. A major structural weakness of such an integrated farming system is the critical design of the system, which needs to take into account many factors, particularly environmental, as many authors stressed in previous studies (Cheshuk and Purser, 2003) . For example, the enhancement in the growth of the integrated bivalves and the reductions in the wastes produced by the fish depend on the distance between the fish cages and the concentrations of the particles that naturally exist in the environment. However, such a system, if properly designed, can lead to a significant reduction in the waste management cost and to a stable and sustainable activity (Chopin et al., 2001) . Additionally, as the legislation on the protection of the environment is becoming quite strict, such production patterns will be easier to finance (Chopin et al., 2001 ).
Minimising the environmental impacts
In land-based farming systems, fish and shrimp are reared in high stocking densities, in ponds or tanks. In intensive fish farming, where re-circulating water is used, commercially important seaweed species, such as Ulva and Gracilaria can be used as bio-filters to reduce the nutrients present in the water, increasing at the same time the oxygen levels in the water through photosynthesis (Neori et al., 2004 ). An interesting example of integrated salmon and seaweed culture in commercial land facilities was presented by Buschmann et al. (1996) . In that example, along with 92 tons of fish 500 tons of red seaweed (Gracilaria chilensis) was produced. At the same time, 50% up to 90% (in winter and summer respectively) of the ammonium in the effluent water was removed by the seaweeds.
Another, equally important issue is the possibility of transferring and harbouring significant for the principle farmed species (e.g., fish) pathogens, as for example Vibrio anguillarum (Pietrak et al., 2012) within the body of the other species and particularly the bivalves. This may pose a critical constrain which may affect the fish production, which in most cases is the main target product, as many pathogens, after affecting a certain fish stock, will remain in the environment and can potentially affect the following fish stocks.
Reducing the feeding cost
Up until now, many studies have examined the use of various plant proteins, such as rapeseed meal, various forms of soy bean meals and many other seed meals, (legume, pea and caror seed germ meal) as low-cost, alternative protein sources to substitute fish meal in the commercial fish feeds. These trials have indicated that such substitution, especially at high levels, may have negative effects on the growth performance of the reared fish. Of particular interest is the impact of new raw materials used as ingredients in commercial feeds, on the health and growth performance of the cultured fish.
Up until now, only few trials have demonstrated the potential reduction of feeding cost in fish farming through the implementation of integrated culture. Two of these studies, which were conducted in Europe, showed how micro -and macro -algae produced from in an integrated system can be used as fish feedstuff ingredients (Borges et al., 2005; Valente et al., 2005) .
In the first study by Borges et al. (2005) the effluent water from turbot and sea bass rearing tanks was used to successfully culture various species of microalgae. Although in that study the authors described how the produced mictroalgae could be used to feed clams (Tapes decussates), the same microalgal species are commonly used as live feeds for fish larvae. The use of microalgae also resulted, to some extend, in the reduction of the nutrient levels in the water. However, the authors stated that critical role in the effectiveness of the integrated system played the quality and quantity of the fish effluent used to support the growth of microalgae.
In the second study, Valente et al. (2006) showed that macroalgae species, cultured in integrated systems, in fish effluents, can be used as protein sources in the diets of sea bass juveniles. Thus, dietary inclusion levels of 5-10 % did not affect the growth performance of fish.
In Greece so far, regarding the potential of applying integrated aquaculture methods, only a few pilot studies have been conducted.
In a series of experiments conducted at the Faculty of Veterinary Medicine, A.U.Th, frozen mussels (M. galloprovincialis) were mixed with commercial diets for sea bream and sea bass. These pilot studies were conducted in view of integrating mussel culture in the sea bream and sea bass farming. The trials (unpublished data) indicated that mixing frozen mussels with commercial feeds at a level of approximately 30 % (wet weight) could significantly improve the feed and protein efficiency. The method of mixing was simple and could be applied on-farm. However, more field trials are required to indicate the optimum way of incorporating such a procedure in the existing production cycle.
In another preliminary study, also conducted at the Faculty of Veterinary Medicine, A.U.Th, the effluent water that originated from oyster culture was used as medium for the culture of microalgae. The results (Symeonidis et al., 2010) indicated that such water can be incorporated in the standard culture medium and sustain the growth of Isochrysis galbana for up to three days using 50% less nitrogen. Barrington et al. (2009) in his extensive review on the global status of integrated aquaculture systems lists a number of criteria that can lead to an efficient application of these systems. These criteria are: a assessment of the economic value of each component as well as that of the overall system b development of bio-economic models to assess the profitability of the systems c estimation of the additional economic value of co-products d use of the most appropriate species in a certain area or country e consideration of the specific characteristics of an area/country/society/market f creation of an adequate and effective legislation framework g establishment of continuous and effective research projects.
Efficient use of integrated aquaculture systems
As Angel and Freeman (2009) discussed, the first countries in the Mediterranean area that are likely to adopt integrated marine aquaculture are Greece, Turkey, Spain, Italy and Israel. However, as the authors concluded, this decision will be affected by many factors, such as the cost of installations, training and other elements of developing human capital and property rights. Up until now, the European countries that have initiated projects related to integrated systems are Spain, Portugal, France, UK, Norway, Sweden and Finland (Barrington et al., 2009) . These projects mainly focused on the development of integrated culture of algae and fish, such as turbot and sea bass. As most projects related to coastal marine aquaculture are small-scale pilot studies, it is difficult to extrapolate the economical analyses that are based on those projects. However, the results are encouraging and indicate that under certain conditions, the economic performance of the integrated systems can be higher than the combined economic results achieved by the fish and mussel mono-cultures. Barrington et al. (2009) presented two previously published field studies on how such systems can be profitable. The first example referred to a field study which was conducted in Scotland and showed that increased production of the mussels used in the integrated system, due to their proximity to salmon cages led to increased profit of the entire system (Whitmarsh et al., 2006) . In that study, a capital budgeting model was constructed using data from the biological component of a previous project and financial data related to the existing prices and costs of salmon and mussel culture. The core of the analysis is an investment appraisal of a commercial aquaculture facility; discounted cash flow (DCF) analysis is used to establish the financial viability of the investment and the principal measure of project worth was net present value (NPV). As the authors concluded, the profitability heavily depended on the commercial price of salmon and a 2% drop in the prices could result in a significant reduction of profit.
In the second study carried out by Ridler et al. (2007) in Canada, it is discussed how integrated aquaculture can balance the losses in the fish culture and maintain acceptable profitability of the entire system. The authors developed a model, which replicated the cost and revenue structure of a farm that entered the market with no initial capital. The model assumed that a salmon farmer would initially buy a certain amount of fish at market rates and incur fixed costs. NPV was then calculated for a ten-year period at discount rates of 5% and 10%. The fish losses were caused by various factors, such as really low water temperatures, or various pathogens. These factors did not affect the overall profit, as they did not affect the mussel and sea weed culture.
Compared to other forms of animal farming, there is limited experience in the development of adequate bio-economic models to assess the sustainability of integrated aquaculture. For instance, the Department of Agriculture of USA developed a free software called integrated farm system model (IFSM) to assess the efficiency of a complex dairy and beef production system, which incorporates crop harvest, pasture production, feed storage and manure handling (USDA, 2012). The programme takes into consideration numerous parameters, including the environmental impact, to evaluate the long-term performance of the system. Currently, no such specific tools exist for aquaculture in general, let alone for integrated aquaculture.
Most studies on the economic assessment of the various aquaculture activities use single units, usually price of fish per mass, to indicate the profitability of a production system. However, when the relation of the sustainability of a given activity with the environmental impacts is examined, which is one of the main issues of the integrated aquaculture, other approaches should be then adopted. In this case, the selection of the factors that should be incorporated in the assessment model and the estimation of their impact is of great importance. In order to develop specific bio-economic models for integrated aquaculture, one should bear in mind that the aquatic ecosystems are quite complex and versatile, compared to terrestrial and thus the predictability of any human activity is greatly affected by the specific environment at which this activity takes place. In addition, the assessment of any fish farming activity is also affected by the fish species, the type of farming system (e.g., intensive, or semi intensive) and the geographic area (i.e., the country). Life cycle assessment (LCA) is a tool that has recently been developed and used to evaluate the sustainability of aquaculture systems, and particularly integrated forms, which takes into account various factors, such as fish production, water and energy use as well as environmental impacts (Henriksson et al., 2012) . However, as Henriksson et al. (2012) concluded, there is a need for more detailed LCA models for farmed aquatic species other than fish. In addition, the few existing models should incorporate the current guidelines set by international laws or individual courtiers.
Conclusions
The concept of integrated farming systems is very old. Integrated aquaculture in particular, aims to minimise the environmental impacts of fish farming, by incorporating mussel and/or algae culture in the production cycle of fish. At the same time, the mussels, or the algae can be used as dietary supplements to reduce the feeding cost.
Greece is one of the leading marine fish and shellfish producers in Europe and particularly in the Mediterranean basin. Although various studies worldwide have indicated the potential benefit of the use of integrated aquaculture, in the Mediterranean area the farmers are still reluctant to move from mono-culture methods to integrated aquaculture. However, such an approach, if properly designed, could be adopted in either land-based facilities, such as sea bream and sea bass hatcheries, or at areas where fish cages are located.
In order to efficiently assess the sustainability of an integrated aquaculture activity, it is important to develop appropriate bio-economic models, which will take into account many economic as well as environmental parameters. LCA is a useful tool that can be used to assess the feasibility of such systems, particularly under the Greek conditions.
